Using molecular simulations, we investigate the relationship between pore-averaged and position-dependent self-di↵usivity of a fluid adsorbed in a strongly attractive pore as a function of loading. Previous work [Krekelberg et al., Langmuir 2013, 29, 14527] established that pore averaged self-di↵usivity in the multilayer adsorption regime, where the fluid exhibits a dense "film" at the pore surface and a lower density "interior pore" region, is nearly constant as a function of loading. Here we show that this puzzling behavior can be understood in terms of how loading a↵ects the fraction of 1 particles that reside in the film and interior pore regions as well as their distinct dynamics. Specifically, the insensitivity of pore-averaged di↵usivity to loading arises due to an approximate cancellation of two factors: an increase in the fraction of particles in the higher di↵usivity interior pore region with loading and a corresponding decrease of the particle di↵usivity in that region. We also find that the position-dependent self-di↵usivities scale with the position-dependent density. We present a model for predicting the pore-average self-di↵usivity based on the position dependent self-di↵usivity, which captures the unusual characteristics of pore-averaged self-di↵usivity in strongly attractive pores over several orders of magnitude.
Introduction
Light gas adsorption in porous materials plays a vital role in a host of technologies such as carbon dioxide capture and natural gas storage. [1] [2] [3] [4] [5] One of the primary focuses in these applications is the adsorption capacity of the adsorbent for a given adsorbate. Consequently, considerable attention has been paid to the measurement and prediction of adsorption isotherms.
Theory and simulation have been invaluable in connecting adsorbent structure, adsorbentadsorbate interactions, and confined-fluid structure to the resulting adsorption isotherms.
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While equilibrium adsorption is one important consideration in applications involving porous materials, the dynamic properties of the (confined) adsorbate are also important.
Although not as well understood as adsorption thermodynamics, these dynamic properties have recently received increased attention. For example, recent work has investigated the self-di↵usivity in porous materials, [11] [12] [13] and developed simplified molecular interpretations of intrapore transport using molecular simulations. [14] [15] [16] Other studies investigated Fickian transport di↵usivity 17, 18 and explored nonequilibrium adsorption hysteresis related to intrapore di↵usion. 19, 20 Theoretical studies examined the dynamics of pore filling, capillary condensation, cavitation, and pore-network e↵ects using dynamic lattice fluid models, [21] [22] [23] [24] as well as developed models for Fickian-and self-di↵usivity. 25, 26 Considerable recent e↵ort has been placed on modeling the position-dependent self-di↵usion in the strongly inhomogeneous direction normal to the pore boundaries. [27] [28] [29] [30] Even with such studies, reliable means to estimate the dynamic properties of a confined adsorbed fluid is lacking.
One promising approach for estimating the dynamic properties of adsorbed fluids is based on connecting such properties to well understood thermodynamic characteristics. This was our focus in two recent studies. 31, 32 Using exhaustive molecular simulation data, these studies showed that the self-di↵usivity of a fluid adsorbed in a broad range of adsorbents can be linked to adsorption thermodynamics. In the case of weakly attractive adsorbents, the adsorbate self-di↵usivity has the same scaling with fluid loading that the self-di↵usivity of the bulk fluid has on density, allowing for the prediction of confined fluid self-di↵usivity from pore loading and bulk data. 32 In the case of technologically important, strongly attractive adsorbents, such a simple link between dynamics and thermodynamics is not yet known to exist. However, strong qualitative links between adsorptive thermodynamics and resulting dynamics have been observed in these systems.
Such strongly attractive systems display three distinct adsorptive regimes, each of which can be directly tied to the structure of the adsorbed fluid. 31 At low pressure and fluid loading, fluid particles are located adjacent to the pore surface due to the strong fluid-solid attraction, leading to the formation of a single, well-defined fluid film. Accordingly, this is referred to as the film (or monolayer) formation regime. In this regime, the pore-averaged axial self-di↵usivity, D tot , of the confined fluid decreases exponentially with loading. At moderate pressure and loading, fluid particles begin to occupy interior portions of the pore (i.e., interior to the film layer), and this is referred to as the multilayer adsorption regime.
In this regime, D tot is approximately constant as a function of pore loading, which is driven by increasing reservoir pressure, and remains nearly constant. Finally, at high pressure and loading, fluid particles occupy the entire pore, and increasing pressure leads to densification of fluid layers. This is referred to as the pore filling regime. In this regime, D tot (again) decreases with loading.
Given our general expectation that the self-di↵usivity should decrease as the amount of fluid in the pore increases, the nearly-constant value of D tot in the multilayer adsorption regime is a surprising finding. What leads to the constant self-di↵usivity in the multilayer adsorption regime, where fluid loading and underlying fluid structure vary by a large degree, is an open question. It was also observed 31 in the film formation regime at subcritical temperatures that D tot is directly linked to the density of the film layer. This suggests the possibility that for interior fluid layers, dynamics in a layer connect to fluid structure within that layer. It also suggests a possible explanation of the constant value of D tot in the multilayer adsorption regime. Specifically, we hypothesized that the constant value of D tot in the multilayer adsorption regime is the result of the simultaneous addition of slow particles in the dense film layer and fast particles in the less dense interior portions of the pore.
In this paper we investigate the position-dependent dynamics of a fluid adsorbed in strongly attractive pores using molecular simulations. The fluid and adsorbent models were chosen to mimic a realistic adsorbate-adsorbent system that might be encountered in practice. We use our simulation results to address two specific questions: What leads to the nearly constant pore-averaged axial self-di↵usivity as a function of loading in the multilayer adsorption regime, and do position-dependent dynamics scale with local density under these conditions? The paper is organized as follows. Section 2 discusses the simulation methods and fluid and solid models used. Section 3 presents our simulation results, and discusses the connection between position-dependent dynamics and pore-averaged dynamics. Section 4 summarizes our main findings.
2 Theoretical methods
Simulation methods
We used the same model and simulations methods as in ref. 31 . In brief, we simulated argon in a single cylindrical, multiwall carbon nanotube (CNT) using molecular dynamics in the canonical ensemble with N = 4000 particles. The argon fluid was modeled with the LennardJones potential with particle size parameter and energy parameter ✏. The potential was truncated with a linear force shift at cuto↵ distance r cut = 2.5 . The CNT adsorbent was modeled with a cylindrical Steele 10-4-3 potential 33 with pore radius parameter R.
The geometry of the simulation cell was set to 2R ⇥ 2R ⇥ L z , where L z , the length of the pore in the axial and periodically replicated z dimension, was varied to achieve the desired pore-averaged fluid density (or loading) ⇢ = N/(⇡R 
Position-dependent dynamics
Position-dependent dynamics were calculated using the method detailed in ref. 35 . The system was partitioned into N P cylindrical shells, labeled as`= 1, 2, . . . , N P with boundaries
A particle is in partition`if its radial position r = p x 2 + y 2 satisfies R`> r R`+ 1 . Therefore,`= 1 is the partition nearest the solid surface, and`= N P is the partition nearest the center of the pore. Note that these partitions are simply part of a bookkeeping strategy.
We investigated two partitioning schemes, both of which are defined in terms of the fluid layers formed within a CNT pore. The first divides the system into a film (F) partition encompassing the fluid layer nearest the solid surface, and an interior (I) partition encompassing everything else. We term this the film-interior (FI) partitioning. The second divides the system into all distinguishable fluid layers in the pore. We term this the all-layers (ALL) partitioning. When discussing the film-interior partitioning, we refer to partitions explicitly as film (F) and interior (I). When discussing the all-layers partitioning, we refer to partitions
Note that as defined, the`= 1 partition in the ALL scheme is identical to the film partition in the FI scheme.
The boundaries between partitions R` 2 were chosen to correspond to the boundaries between fluid layers, defined by local minima in the density profile. We found (see Supporting therefore sometimes refer to such partitions as layers. The one exception to this is the interior partition in the FI-scheme, which we always refer to as the interior partition.
The self-di↵usivity in the axial direction z in a partition`was calculated as follows.
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In a time interval [t 0 , t 0 + t], let S`(t 0 , t 0 + t) denote the set of particles that stay in`over the entire interval, N`(t 0 , t 0 + t) denote the number of such particles, and N`(t 0 ) denote the number of particles in the partition at the beginning of the time interval. The mean squared displacement in the z direction in partition`is defined as
where h·i t 0 indicates an average over time origins t 0 . The self-di↵usivity in the axial direction z in partition`is then defined as
where P`(t) ⌘ hN`(t 0 , t 0 + t)/N`(t 0 )i t 0 is the survival probability in partition`. The poreaveraged self-di↵usivity in the axial direction z, denoted by D tot , was calculated from the total mean-squared displacement. This is equivalent to a partition self-di↵usivity if the pore is divided into a single partition with R 1 = R and R 2 = 0. In this study, we only considered di↵usivity in the axial direction, and therefore drop explicit reference to z.
We will make reference to the term partition-averaged self-di↵usivity, define as the molar average of D`over all partitions for a given partitioning scheme:
where P 2 {FI, ALL} indicates the partitioning scheme and x`is the fraction of fluid particles in partition`. For a given partition`, the number of particles in the partition is
, where ⇢(r) is the radial density profile, and accordingly, x`= N`/N . Although not exhaustively studied, we analyzed the errors in di↵usivities by considering each time origin (see Eq. (1)) to be an independent estimate. We found that in almost all cases, the uncertainty in the pore-averaged and partition-dependent self-di↵usivities is smaller than the symbol size used in Figs. 3-6.
Partition density and e↵ective geometric parameters
We also require measures of the density within partitions. The density of particles in partitioǹ is defined by ⇢`⌘ N`/V`, where V`is the volume measure of partition`. For interior partitions (` 2), the volume is defined as the total partition volume given by
). For the film partition, we investigate two volume measures-one based on center-accessible volume, and the other based on surface-accessible volume-which di↵er only in the choice of upper bound of the radial dimension. As discussed in ref. 32 , the parameter R used in the fluid-solid potential is not strictly equal to the radial positions accessible to fluid particles. Instead, we consider the upper bound in terms of the Barker-Henderson 32,36 pore size R BH , which is e↵ectively the radial dimension of the pore accessible to particle centers. Note that R BH is implicitly a function of both temperature and fluid-solid interaction. Therefore, we define the center accessible radial dimension by R c = R BH , and the center-accessible film volume by
2 ). The radial dimension accessible to particle surfaces is similarly defined as R s = R c + BH /2 where BH is the Barker-Henderson particle diameter, 36 and the surface-accessible film volume is defined by
We denote the film density as ⇢ F,x , where x 2 {c, s} denotes either center-or surfaceaccessible volume, respectively. Figure 2 displays the locations R c and R s , at a single state point. We emphasize that R c and R s are only used in the calculation of the volume measure. When comparing results at di↵erent pore-sizes and temperatures, it is more meaningful to compare them in terms of length and times scales based on the Barker-Henderson diameter and pore size. That is, length is normalized by BH , and time is normalized by p 2 BH m/(k B T ). For notational convenience and clarity, such quantities will be marked with
BH . We also make reference to the e↵ective surface-accessible pore density 32 (or e↵ective loading), defined as
where R s is the e↵ective surface-accessible radial pore dimension defined above. x`D`(i.e., the partition averaged self-di↵usivity defined in Eq. (3)), and pore-averaged self-di↵usivity D tot .
We begin by investigating the position-dependent dynamics of a fluid in a pore of size R/ = 5.98 when the system is divided into a film partition and a single interior partitioning, i.e., the film-interior (FI) partitioning scheme described above, at the supercritical temperatures is that D F is larger at the higher temperature, which is due to the tendency of the film layer density to decrease with increasing temperature (see Supporting information Fig. S-3) . The behavior of D I is similar at the two subcritical temperatures.
We now address whether the pore-averaged self-di↵usivity D tot can be quantitatively linked to the partition-averaged self-di↵usivity D FI , defined in Eq. (3). We note that, in general, these quantities do not have to be equal. The partition-averaged self-di↵usivity depends on the partitioning scheme used. Also, the pore-average self-di↵usivity includes trajectories which pass between multiple layers, while the partition-averaged self-di↵usivity includes only trajectories that remain entirely within a given partition. Still, if one chooses the partitioning appropriately, and if the self-di↵usion in the radial direction is negligible, then we expect that D tot will be at least approximately equal to the D FI . The analysis of this partitioning is more complicated, due to the larger number of distinct interior layers. Nonetheless, the partition-averaged self-di↵usvity D ALL still captures the characteristics of D tot , although D ALL tends to underestimate D tot at supercritical temperatures and at subcritical temperatures in large pores. This is expected, as radial self-di↵usivity will play an increasing role in these cases.
Position-dependent dynamics and local density
We now turn to a more detailed investigation of how position-dependent self-di↵usivity relates to the position-dependent structure. This is motivated by the previously discussed observation that pore-averaged self-di↵usivity in the film-formation regime scales with film density. 31 Given the above observation that D F ⇡ D tot at low loading, this suggests that the D F itself scales with film density. This in turn suggests the possibility that positiondependent self-di↵usivities throughout the pore might scale with local density. As an aside, it has been shown for a variety of fluids that the total pore-averaged selfdi↵usivity is a near univeral function of the surface-accesible density, but not a universal function of the center-accessible density. 37 This suggests that the surface-accessible definition of film density is more relevant to di↵usivity than a definition based on center accessible
volume. 
Model for pore-averaged self-di↵usion
The above observations regarding the position-dependent self-di↵usivities provide the basis for a simple model for the pore-averaged self-di↵usivity D ⇤ tot . Specifically, given an estimator for D ⇤ (⇢ ⇤ ) for a partitioning scheme P , we can make the approximation
where quantities x`and ⇢ ⇤ depend only on the static density profile ⇢(r; ⇢, T, R) within the pore which could, for example, be calculated by Monte Carlo simulations or statistical mechanical density-functional theory.
We cannot provide a model for D ⇤ (⇢ ⇤ ) based on first principles. Instead, we view Eq. (4) as a means, based upon a single series of measurements, to estimate pore-averaged selfdi↵usivity over a range of di↵erent conditions (e.g., loading, temperature, and pore size). are approximately universal functions of layer density. We therefore build our model around the all-layers partitioning.
For example, we choose as a reference our simulation data at the state point R/ = 7.77
and k B T /✏ = 0.85. We calculate the position-dependent self-di↵usivities at other state points by interpolating the reference data according to
where the superscipt ( ref ) denotes the reference data. Note that the estimator for` 2 is based on the reference data in the`= 2 layer only. That is, we have utilized the fact that interior layers follow an approximately-universal scaling (see Fig. 5 ). Therefore, our model is given by
where the last line defines our model prediction of the partition-averaged self-di↵usivity temperatures and at subcritical temperatures in large pores, due to the increased radial self-di↵usivity in these cases. Therefore, the model in Eq. (6) predicts the pore-averaged self-di↵usivity well at subcritical temperatures and moderate pore sizes. However, given that D tot spans more than two orders of magnitude, the prediction based on Eq. (6) is impressive. 
Conclusions
We have investigated how the pore-averaged self-di↵usivity in strongly attractive pores relates to position-dependent dynamics using molecular simulations. We found that the poreaveraged self-di↵usivity can be decomposed into distinct contributions from fluid particles in the film layer and the pore interior. This observation allowed us to identify the microscopic origins of self-di↵usivity characteristics in strongly attractive pores. Specifically, we found that the constant pore-averaged self-di↵usivity observed in the multilayer adsorption regime as a function of loading is linked to the constant self-di↵usivity contribution of fluid in the interior of the pore. This contribution is insensitive to pore loading and arises from the cancellation of two e↵ects. The first is the increase in the fraction of particles occupying the interior of the pore, and the second is the decrease in mobility due to the corresponding increase in fluid density (or frustration) in the interior of the pore. We also found that the self-di↵usivities in individual fluid layers scale with the fluid density within each layer (with an appropriate definition of layer volume). These observations provide the basis of a model to estimate the pore-averaged self-di↵usivity based on the fraction of fluid in a layer and density of fluid in a layer, both of which depend only on the static density profile, as well as limited layer dependent self-di↵usivity data. This model captures the important characteristics of the pore-averaged self-di↵usivity in strongly attractive pores at subcritical temperatures spanning more than two orders of magnitude.
This work leads to several questions for future research to address. One important question is the impact of fluid-solid interactions on the position-dependent dynamics. It was previously shown 32 that the pore-averaged self-di↵usivity in weakly attractive adsorbents is fundamentally di↵erent than in strongly attractive adsorbents. For weakly attractive systems, does the scaling of position-dependent dynamics with local density hold, and if so, is the scaling similar to that observed here? We speculate that, since the film layer in weakly attractive systems is less dense than in the strongly attractive system studied here, perhaps the self-di↵usivities in the film and interior layers have similar scalings with layer densities in weakly attractive systems as opposed to the separate scaling observed here in a strongly attractive system. Also of interest is how the partitioning scheme impacts the analysis presented here. If the partitions are made infinitesimally small, then Eq. (4) is invalid because the self-di↵usivity in the radial direction is not negligible, and the poreaveraged self-di↵usivity is instead linked to the partition self-di↵usivities through a stochastic partial di↵erential equation. 27 Still, an analysis with infinitesimally small partitions may show interesting self-di↵usivity characteristics within individual layers. We also emphasize that the analysis presented here pertains to the idealized case of self-di↵usivity within an individual cylindrical pore. How our results relate to real adsorptive materials, which are several layers of another species. In this case, how do the layer dependent dynamics relate to local structure? We intend to address many of these questions in future work.
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